Abstract Immunotherapy, based on increasing knowledge of the mechanisms of immune-mediated elimination of tumor cells, is a new approach to lung cancer therapy. This paper reviews clinical experience of two types of immunotherapy for lung cancer. In the first approach antigen-independent immunomodulatory therapy is used to target crucial immune checkpoints. This strategy includes use of ipilimumab-to block the interaction of cytotoxic T-lymphocyte antigen-4 with CD80 and/or CD86, thereby enhancing T-cell proliferation-and the fully human monoclonal antibodies BMS-936558 and BMS-936559-to target the programmed cell death protein 1 signaling pathway, thereby enhancing T-cell proliferation, cytokine secretion, and cytolysis of target cells. The second approach is antigen-specific cancer immunotherapy, including vaccines against melanoma-associated antigen 3, mucinous glycoprotein-1, transforming growth factor-beta 2, epidermal growth factor, and, less specifically, whole-tumor cell extracts. An overview of the clinical data from these strategies is presented, with discussion of questions and issues that remain unanswered.
Introduction
Worldwide, lung cancer is the most commonly occurring cancer, with an estimated 1.6 million new cases reported in 2008 [1] . In the same year, it was also reported to be the leading cause of global cancer deaths, accounting for the loss of life of nearly 1.4 million people [1, 2] . In the United States, it is estimated that over 226,000 new cases of lung cancer were diagnosed in 2012 and approximately 160,000 people died of the disease [3] . Most cases of lung cancer are diagnosed at an advanced stage, and five-year survival is nearly 15.6 % in the United States [4] . In Europe, lung cancer was reported to be the third most common cancer in 2006, accounting for 12.1 % of all new cases [5] . In 2008, the crude incidence of lung cancer in Europe was 52.5/100,000 per year, and mortality was 148,000 per year [6] .
Lung cancer is a heterogeneous disease that includes two main histologic subtypes: non-small-cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). More than 85 % of all lung cancer cases are NSCLC, which includes two major types:
immune system is intricately linked to tumor development, and reviews the rationale and use of immunotherapy in the management of NSCLC.
Involvement of the immune system in tumor development
The immune system comprises two main branches: innate and adaptive immunity. Innate immunity relies on a set of germline-encoded pattern-recognition receptors that recognize components conserved among broad groups of microorganisms, or signals from damaged, injured, or stressed cells. The innate immune response is provided by granulocytes, macrophages, dendritic cells, natural killer (NK) cells, and complement. An adaptive response develops more slowly and comprises both a humoral and cell-mediated immune response, involving primarily B-and T-lymphocytes, respectively (Fig. 1) . The humoral response is mediated by B-lymphocytes, which recognize "non-self" antigens, mature into plasma cells, then secrete specific antibodies. The antigen-presenting cells (APCs; commonly called dendritic cells) interact with naive T cells to trigger activation and proliferation of CD4+ helper and CD8+ cytotoxic T cells. This activation occurs after the interaction between the antigen major histocompatibility complex (MHC) on the APCs and T-cell receptors on the naive T cells, and a costimulatory interaction between CD80 or CD86 on the APCs and CD28 on the T cells [7] . During the cell-mediated immune response, phagocytes, NK cells, and antigen-specific cytotoxic T-lymphocytes are activated and a variety of cytokines are released in response to an antigen.
Tumor cells can elicit an innate or adaptive immune response [8] . This response to tumor growth is commonly referred to as "cancer immunosurveillance". Cancer immunosurveillance was first proposed in the early 1900s, but preclinical data supporting the idea that the immune system can actively eliminate tumor cells, and thereby prevent tumor growth, was only realized relatively recently by use of a variety of mouse models. After exposure to the carcinogen methylcholanthrene (MCA), lymphocyte-deficient, severe combined immunodeficient (SCID), and nude mice were all more susceptible to tumor induction [9] [10] [11] [12] . Using at least three different mechanisms, the immune system helps to eliminate tumor cells [13] by:
1. protecting the host from viral infection, thereby suppressing virus-induced tumors; 2. preventing the development of an inflammatory environment-known to facilitate tumorigenesis [14, 15] ; and 3. eliminating tumor cells that express tumor-specific antigens, which are recognized by immune receptors on lymphocytes of the adaptive immune system.
The immune system not only acts to eliminate tumors, but also affects the immunogenicity of a given tumor. In an crucial experiment in which MCA-induced sarcomas from immunodeficient and immunocompetent mice were transplanted into naive, syngeneic wild-type mice, a significant proportion of those derived from immunodeficient mice were spontaneously rejected whereas all those induced in immunocompetent wild-type mice grew progressively [11] . This suggests that tumors formed in the absence of an intact immune system are more immunogenic than those developing in an immunocompetent host.
As a result of these discoveries, the cancer immunosurveillance hypothesis was further refined by proposing a dynamic interaction between the immune system and cancerous cells with three distinct phases and outcomes; this process has been termed cancer immunoediting [8, 13, 16] . The first phase of immunoediting consists of elimination, in which the innate and adaptive immune systems destroy the tumor before it becomes clinically apparent; this phase has never been directly observed, but its presence is inferred by comparing tumor development in wild-type mice with that in different types of immunodeficient mice [8] . In cases where tumor cells are not completely eliminated, they may enter the equilibrium phase, in which the immune system controls net tumor growth and the tumor cells are functionally dormant. Evidence for this phase of immunoediting comes from studies on immunocompetent mice, which have been shown to harbor latent cancer cells [17] . When the immune systems of the mice were ablated using monoclonal antibodies to deplete T cells and IFN-γ, tumors rapidly appeared at the original MCA injection site. Further analysis showed that the occult cancer cells were maintained in equilibrium by adaptive immunity (interleukin-12 , IFN-γ, CD4+, and CD8+ T cells). In an additional scenario observed in a mouse model of melanoma, tumor cells disseminated throughout the body before the primary tumor was clinically detectable and remained dormant for different periods of time before metastatic growth occurred; in the lung, dormancy was mediated, at least in part, by cytostatic CD8+ T cells [18] . In the final escape phase, tumor cells emerge from functional dormancy and begin immunologically unrestricted growth. The different mechanisms involved can be broadly classified as either cell-autonomous modifications-at the level of the tumor cell-that enable cells to evade immune detection, or destruction and/or modification of immune cells effected by tumor cells, to generate an immunosuppressive network [8, 13] . Common changes to tumor cells include down-regulation of MHC expression, rendering them insensitive to T cells, and secretion of factors that suppress T cell responsiveness, for example immunesuppressive cytokines or enzymes able to catabolize amino acids critical for T cell effector function [19] . Tumors may also recruit or convert inflammatory cells that suppress T cell responses, including regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC), and tolerogenic dendritic cells [20, 21] .
Overall, involvement of the immune system is central to tumorigenesis. At best, the immune system suppresses tumor growth; at worst, the immune system promotes tumor progression either by selecting for tumor cells able to survive in an immunocompetent host or by establishing conditions within the tumor microenvironment that enable tumor metastasis.
Rationale for immunotherapy in NSCLC
Evidence of immunity in NSCLC Increasing evidence suggests that many of the immune responses described above are present in lung tumors and, furthermore, that the extent of the immune response may correlate with patient outcome. Retrospective analysis has suggested that high tumor infiltration with CD4+ and/or CD8+ T cells is associated with improved survival of patients with early-stage (stages I to IIIA) NSCLC [23] [24] [25] . In another study, the presence of higher numbers of tumor-infiltrating CD8+ T cells in cancer nests compared with cancer stroma in patients with stage IV NSCLC was an independent predictor of better survival; similar results were found for infiltrating macrophages [26] . In support of this evidence, a mixed cohort study of patients with stages I to IV NSCLC found that the number of macrophages in the tumor islets or stroma was an independent predictor of survival time, and was more useful in predicting patient survival than counting mature dendritic or cytotoxic T cells [27] . Fig. 1 Schematic diagram of adaptive immunity [22] There is also growing evidence of an immunosuppressive microenvironment in NSCLC tumors and its association with poor prognosis. Several studies have looked for the presence of CD4+ CD25+ Treg cells, known to reduce antitumor immunity, and their relationship with NSCLC stage and prognosis. Treg cells also constitutively express the transcription factor, Foxp3, and some studies have accordingly used this as a marker of Tregs in addition to (or instead of) assessing CD25 and CD4 expression. Higher levels of CD4+ CD25+ Treg cells have been observed in the peripheral blood of patients with NSCLC compared with healthy controls [28] [29] [30] [31] . In some studies, the proportion of Treg cells (or, in one case, a subpopulation of Treg cells which also expressed CD13) was found to increase with NSCLC stage [31, 32] , but decreased on surgical removal of tumors [32] . The proportion of Treg cells was also significantly higher in metastatic than non-metastatic stages [31] , and another study found higher Foxp3 expression in metastatic lymph nodes than in non-metastatic nodes [30] . In a cohort of patients with stage I NSCLC, a higher ratio of Treg cells to tumor-infiltrating T cell lymphocytes was linked with significantly increased risk of disease recurrence [33] . Likewise, for patients with resected NSCLC, tumor-infiltrating Foxp3+ Tregs were associated with shorter recurrence-free survival [34] . In this study, Foxp3 expression was an independent predictor of significantly shorter recurrence-free survival in node-negative NSCLC, but not in the entire population of patients with NSCLC. A recent study confirmed that high Treg counts in surgical specimens from 87 patients with NSCLC were associated with worse overall survival (OS) and relapse-free survival [35] . Notably, another study failed to find any correlation between Foxp3-expressing tumor-infiltrating lymphocytes and clinicopathological features or prognosis in a cohort of 159 patients with stage III or IV NSCLC [36] .
Humoral Immunity Cellular Immunity
Tumor-associated antigens identified in NSCLC Several tumor-associated antigens (TAA) known to be expressed in a range of different tumor types are also found in patients with NSCLC. The most commonly targeted antigens currently being investigated in clinical trials are listed briefly here. Mucinous glycoprotein-1 (MUC1) is a highly glycosylated transmembrane protein. In cancer cells, MUC1 often loses its polarity of expression, is overexpressed, or is under or aberrantly glycosylated, thereby exposing peptide epitopes [37] . In a cohort of patients with stage IB NSCLC, MUC1 was overexpressed in approximately 86 % of NSCLC adenocarcinomas, 39 % of squamous-cell tumors, and 74 % of other histology [38] . Furthermore, upregulated MUC1 expression was associated with poorer overall and disease-free survival in a cohort of patients with stage IB NSCLC, and was an independent prognostic factor [38] .
Melanoma-associated antigen 3 (MAGE-A3) is a protein expressed almost exclusively on tumor cells. It is recognized by cytotoxic T cells in the presence of the human leukocyte antigen-A1 molecule. In NSCLC, MAGE-A3 expression has been reported in approximately 24-50 % of tumors [39] [40] [41] , with expression more frequently occurring in histology of squamous cell, rather than adenocarcinoma [40] [41] [42] . Like MUC-1, expression of MAGE-A3 is associated with poor prognosis in NSCLC [43] .
Gangliosides are a broad family of structurally-related glycolipids involved in cell-cell recognition, cell-matrix attachment, and differentiation. These glycolipids are believed to be good targets for cancer immunotherapy, because they are present at higher levels on tumor cells than on matched normal tissue. In the context of specific TAA, neu-glycosylated sialic acid-containing ganglioside (NeuGc-GM3) is a variant ganglioside identified almost exclusively in transformed cells [44] , although little has been specifically published on its expression in NSCLC. Last, the epidermal growth factor receptor (EGFR) pathway, and specifically EGF itself, has been identified as a potential antigen to target in NSCLC.
Mechanistic rationale for immunotherapeutic techniques

Blockade of key immune checkpoints CTLA-4 and PD-1
The immune response to an antigen is regulated by a balance between co-stimulatory and inhibitory signals (or immune checkpoints) which, under normal conditions, are essential in maintaining self-tolerance and preventing autoimmunity, and in protecting normal tissue from damage when the immune system is responding to pathogenic infection. One key immune checkpoint that serves to limit activation of T cells by APCs is the cytotoxic T-lymphocyte antigen-4 (CTLA-4). Expression of CTLA-4 is upregulated on activation of the Tcell receptor complex [45] . CTLA-4 is a close homologue of CD28 (also expressed on the T-cell surface and, as discussed earlier, is responsible for the costimulatory interaction with APCs). Once expressed on the surface of T cells, CTLA-4 seems to directly compete with CD28 for CD80 and/or CD86 on the APCs, ultimately leading to T-cell inhibition (Fig. 2) [45] [46] [47] [48] .
Preclinical studies have shown that in vitro inhibition of CTLA-4 by a monoclonal antibody (mAb) to prevent its interaction with CD80 and/or CD86, while preserving CD28 signaling, enhanced T cell proliferation, and secretion of IL-2 [46, 49] . In addition, injecting mice with an anti-CTLA-4 antibody resulted in expansion of CD8+ cells in response to superantigens [50] . Further evidence of the importance of CTLA-4 in inhibiting T-cell activation and proliferation comes from studies of CTLA-4-deficient mice. Extensive CD28-dependent expansion of autoreactive T cells is observed in these mice and they die within four weeks of birth after massive lymphoproliferation and lymphadenopathy [51, 52] . Taken together, these data identify CTLA-4 as a molecule involved in dampening T-cell activation, and have led to the hypothesis that inhibition of CTLA-4 could increase antitumor immunity mediated by effector CD4+ and CD8+ T cells.
Programmed cell death protein (PD-1) is a second type of T-cell surface receptor of crucial importance in checkpoint regulation during an immune response [53] [54] [55] . PD-1 is upregulated not only on activated T cells but also on activated B cells and several myeloid cells. PD-1 limits T-cell function, including proliferation, cytokine secretion, and cytolysis of target cells, by transduction of negative signals produced after binding to its ligands, PD-L1 and PD-L2. PD-L1 is expressed on many different types of tissue-both normal and tumoral. Once believed to be expressed on dendritic cells and monocytes only, PD-L2 expression has also been found on other cell types including normal and cancer-associated fibroblasts [56, 57] . In one study, both PD-L1 and PD-L2 were found to be expressed by tissue of patients with esophageal cancer, and patients who were PD-L1 or PD-L2-positive had a poorer prognosis than patients who were negative [58] . Both ligands are constitutively expressed in peripheral tissue during homeostasis and become elevated in response to tissue insult and inflammation [59] . The importance of PD-1 is apparent from PD-1-deficient mice, in which, after several weeks, spontaneous organ-specific autoimmunity is observed, depending on genetic background [60] . Moreover, PD-1-deficient mice have enhanced antitumor T-cell responses to a range of solid and hematopoietic tumors resulting in tumor regression and prolonged survival [61] [62] [63] . By comparison, tumors which overexpress PD-1 grow more aggressively in vivo [64] . Importantly, the phenotypic differences between PD-1 and CTLA-4 knockout mice suggest that each contributes uniquely to immune regulation. Similar to those for CTLA-4, these preclinical data suggest that PD-1 blockade may be an effective antitumor therapeutic strategy.
Modulation of dendritic cell phenotype with recombinant human lactoferrin
Changes in the phenotype and function of dendritic cells can also contribute toward immune tolerance of tumors. Fully mature dendritic cells can express a variety of T-cell costimulatory molecules able to induce immune reactions, many of which are lacking in non-activated dendritic cells. NSCLC has been shown to prevent induction of immunity by affecting dendritic cell phenotype and keeping these cells in an immature state [65, 66] . For example, B7-H3 is a member of a family of molecules known to inhibit immune TCR, T-cell receptor [7] reactions and to be upregulated in conditions promoting tumor growth [67] . Upregulation of this molecule in dendritic cells (as observed in NSCLC tumor samples) has been associated with impaired capacity to stimulate T-cell proliferation [68] , although recently published data contradicts this finding in murine cancers and other human cancers [69] . Following these observations, strategies to encourage the immune system to recognize tumor antigens and shift the balance away from immune tolerance of tumors are being investigated for NSCLC. Lactoferrin, an immunomodulatory protein that enhances innate immunity and inflammation, has also been shown to affect the adaptive immune response by inducing maturation of dendritic cells. Talactoferrin, an orally active recombinant human lactoferrin that is being evaluated as an anticancer agent, interacts with gut epithelium and gut-associated lymphoid tissue, resulting in recruitment and maturation of immature dendritic cells. Although the actions of talactoferrin may occur at a location that is distant from primary NSCLC tumors, it is postulated (on the basis of preclinical data) that talactoferrin-induced maturation of dendritic cells in the presence of tumor antigens and immune effector cells may subsequently enhance immune priming with tumor antigens, thereby promoting tumor infiltration of CD8+ T cells and natural killer cells and resulting in immunemediated tumor cell death [70, 71] .
These strategies act on elements of the immune system in general; therefore, the above-described mechanisms of action are not dependent on the expression of any particular TAA. In contrast, research is revealing that specific TAAs may also be useful therapeutic targets, because of their common expression within this type of tumor and their persistence throughout disease progression, including on metastatic cells. For some, there is also evidence that the TAA promotes an immune response against the tumor.
Targeting tumor-associated antigens
An immune response to a tumor occurs when APCs internalize tumor cell fragments and then process and display the fragments on the cell surface in association with class I and II MHC molecules. As described above, these APCs interact with naive T cells to trigger activation and proliferation of tumor-specific CD4+ helper and CD8+ cytotoxic T cells, thereby turning an immunosuppressive environment into one that is immunostimulating-as with a preventive vaccine. The first step of active immunotherapy for NSCLC thus requires the ability of the host immune system to recognize the tumor as foreign, which depends on identification of antigens either exclusively or aberrantly expressed on the tumor cells (as described above). Inclusion of an adjuvant (a non-specific immune stimulant that promotes movement of APCs to the vaccination site and uptake of the vaccine by the APCs) in antigen-specific vaccines is believed to be essential.
Clinical experience with antigen-independent immunomodulatory therapy in NSCLC
Significant clinical experience has been gained with antigenindependent immunomodulatory therapy ( Table 1) . Checkpoint blockade by use of anti-CTLA-4 monoclonal antibodies, for example ipilimumab, is one of the most promising approaches. Ipilimumab is a fully human mAb that specifically blocks the binding of CTLA-4 to its CD80 and/or CD86 ligands, thereby augmenting T-cell activation and proliferation, and promoting tumor infiltration by T cells and tumor regression in animal models [47] . Subsequent early phase I and II studies revealed antitumor activity of ipilimumab across a range of tumor types. In two phase III trials on advanced melanoma, ipilimumab had a statistically significant OS benefit as monotherapy [72] or in combination with dacarbazine [73] either for previously treated or untreated patients. Treatment-related adverse events, for example diarrhea, pruritus, rash, and fatigue, were managed by following product-specific guidelines [72, 73] .
The therapeutic potential of ipilimumab for patients with chemotherapy-naive advanced (stage IIIB or IV) NSCLC and extensive disease small-cell lung cancer (ED-SCLC) has been assessed in a phase II study [74•, 75] . Patients were randomized 1:1:1 to receive carboplatin (area under the curve, 6) and paclitaxel (175 mg m −2 ) combined with either placebo (up to six doses; control regimen), or ipilimumab 10 mg kg −1 on either a concurrent regimen (four doses of ipilimumab plus carboplatin and paclitaxel followed by two doses of placebo plus chemotherapy), or a phased regimen (two doses of placebo plus chemotherapy followed by four doses of ipilimumab plus chemotherapy). Eligible patients continued ipilimumab or placebo every 12 weeks as maintenance therapy. The results for NSCLC and SCLC were reported separately. For patients with NSCLC, the study met its primary endpoint of improved immune-related progression-free survival (irPFS; as described in the guidelines for evaluation of immunotherapy activity [76] ) for phased ipilimumab versus control ( Fig. 3 ; hazard ratio (HR) = 0.72; p = 0.05), but not for concurrent ipilimumab (HR = 0.81; p = 0.13). Phased ipilimumab, concurrent ipilimumab, and control groups resulted in, respectively, median irPFS of 5.7, 5.5, and 4.6 months; an overall response rate (ORR) of 32, 21, and 14 %; and median OS of 12.2, 9.7, and 8.3 months. Likewise, compared with the control group, phased ipilimumab also significantly improved PFS according to modified WHO criteria (mWHO-PFS) (HR = 0.69; p = 0.02); however, the converse was true for concurrent ipilimumab (HR = 0.88; p = 0.25). Median mWHO-PFS for patients were treated with phased ipilimumab, concurrent ipilimumab, or control was 5.1, 4.1, and 4.2 months, respectively. When broken down according to histology, improvements in irPFS compared with controls seemed to be greater for patients • Placebo
• Concurrent ipilimumab (four doses of ipilimumab plus P+C followed by two doses of placebo plus P+C)
WHO-modified PFS: HR = 0.69; p = 0.02.
• Phased ipilimumab (two doses of placebo plus P+C followed by four doses of ipilimumab plus P+C) For the ED-SCLC cohort, phased ipilimumab, but not concurrent ipilimumab, improved irPFS versus control (HR = 0.64; p = 0.03), but no improvement in PFS or OS were observed [75] . Phased ipilimumab, concurrent ipilimumab, and control, respectively, were associated with median irPFS of 6.4, 5.7, and 5.3 months; median PFS of 5.2, 3.9, and 5.2 months; and median OS of 12.9, 9.1, and 9.9 months.
The incidence of the most common non-hematologic adverse events (AEs) typically associated with carboplatin and paclitaxel was similar across treatment groups and included fatigue, alopecia, nausea, vomiting, and peripheral sensory neuropathy. For other common AEs, including rash, pruritus, and diarrhea, there was a trend toward increased incidence in the ipilimumab groups. However, most AEs were grade 1 or 2. In the NSCLC cohort, the overall incidence of grade 3 and 4 immune-related AEs was 15, 20, and 6 % for the phased ipilimumab, concurrent ipilimumab, and control groups, respectively. Two patients (concurrent, n = 1; control, n = 1) died from treatment-related toxicity [74•] . In the ED-SCLC cohort, overall rates of grade 3 and 4 immune-related AEs were 17, 21, and 9 for phased ipilimumab, concurrent ipilimumab, and control, respectively [75] .
The histology-specific results of this phase II study support further investigation of ipilimumab in two ongoing phase III trials. The first phase III trial is investigating the efficacy of ipilimumab or placebo in combination with carboplatin and paclitaxel in patients with stage IV or recurrent NSCLC of squamous histology (trial number NCT01285609). The second-a placebo-controlled trial-will assess the efficacy of ipilimumab in combination with platinum and/or etoposide chemotherapy for patients with newly diagnosed ED-SCLC (NCT01450761). An additional phase II study designed to investigate whether ipilimumab prolongs OS compared with pemetrexed for patients with recurrent or stage IV nonsquamous NSCLC that has not progressed after four cycles irPFS (probability) 70 62 48 44 40 34 29 20 18 9 8 6 2 1 1 0 0 of platinum-based first-line chemotherapy (NCT01471197) was closed early by the sponsor in mid-October 2012 because of the changing landscape associated with maintenance therapy. A second checkpoint blockade strategy with antitumor activity is antibody-mediated targeting of the PD-1 receptor (by BMS-936558) or its ligand PD-L1 (BMS-936559, as discussed below). BMS-936558 (formerly MDX-1106) is a fully human anti-PD-1 mAb which binds to the PD-1 (or B7-H1) ligand, the predominant mediator of PD-1-dependent immune suppression. In murine models, B7-H1 expression confers immune resistance, and interrupting PD-1:B7-H1 expression has antitumor effects [61, 77, 78] . Results from a phase I dose-escalating study of BMS-936558 for patients with refractory solid tumors (compiled up to February 24, 2012) were recently reported [79] . In this publication, the cumulative ORR among 236 evaluable patients (assessed using modified response evaluation criteria in solid tumors (RECIST) version 1.0) was reported to be 18 % for NSCLC (14/76 patients), 28 % for melanoma (26/94 patients), and 27 % for renal cell carcinoma (9/33 patients) [79] . Notably, responses were durable and for patients with follow-up of more than one year, 20 of 31 responses lasted one year or more. Subsequent to the publication by Topalian et al. [79] , data on the cohort of patients with NSCLC were updated to reflect longer follow-up, with approximately six additional months of patient accrual. These results, for a total of 127 patients with NSCLC, of whom more than 50 % had received ≥3 previous regimens, were presented at the 2012 European Society of Medical Oncology (ESMO) Annual Meeting [80••] . Responses were evaluable for 122 patients (48 squamous, 73 non-squamous, and 1 unknown histology). Tumor responses were observed for all three doses assessed (1, 3, and 10 mg kg −1 every two weeks)
for squamous and non-squamous histology, with respective ORRs of 6, 27, and 17 %. Importantly, six patients with NSCLC had a non-conventional pattern of response and were not classified as responders by the conventional RECIST. Corresponding PFS at 24 weeks were 2, 44, and 31 %, respectively [80••] Common treatment-related AEs observed in the total anti-PD-1-treated population included fatigue (24 %), reduced appetite (8 %), anemia (1 %), and nausea (8 %). The incidence of grade 3 and 4 treatment-related AEs was 14 % and there were three drug-related deaths from pneumonitis [79] (Table 1) . A phase I study is in progress evaluating BMS-936558 in combination with three standard, platinum-based doublet chemotherapy regimens (cisplatin and gemcitabine, cisplatin and pemetrexed, and carboplatin and paclitaxel) for patients with treatment-naive stage IIIB or IV NSCLC (NCT01454102) [81] . The starting dose of BMS-936558 is 10 mg kg −1 every three weeks in each group, with a dose-expansion cohort in the carboplatin-paclitaxel group at 5 mg kg −1 every three weeks. Chemotherapy is given for four cycles whereas BMS-936558 is administered until disease progression, intolerable toxicity, or withdrawal of consent.
The clinical potential of BMS-936558 is also being tested as second-line monotherapy. Two planned phase III studies are the first trials to compare "mono" immunotherapy with conventional second-line chemotherapy. These trials will compare BMS-936558 (3 mg kg −1 every two weeks) with docetaxel for patients with previously treated stage IIIB or IV NSCLC of, respectively, squamous-cell histology ( N C T 0 1 6 4 2 0 0 4 ) o r n o n -s q u a m o u s h i s t o l o g y (NCT01673867). In both studies, the primary endpoint is OS, with ORR as an additional primary endpoint in the squamous cell study. The squamous-only trial has a co-primary endpoint of OS with ORR, whereas the primary endpoint in the non-squamous trial is OS only. A tumor sample is required as part of the inclusion criteria for both trials and clinical benefit-OS and ORR after treatment with BMS-936558 or docetaxel in PD-L1-positive versus PD-L1-negative expression subgroups-is a secondary endpoint in each trial.
As introduced above, BMS-936559 (a fully human IgGmAmAb) is another antigen-independent immunotherapy designed to regulate the PD-1 signaling system by targeting the PD-L1 ligand. Results from the first dose-escalating phase I trial for patients with relapsed or refractory solid tumors have been published recently (NCT00729664) [82, 83] . A total of 207 patients were enrolled, including melanoma (n = 55), NSCLC (n = 75), renal cell carcinoma (n = 17), and ovarian cancer (n = 17) patients. Clinical activity was observed for each of these four tumor types. Among the 49 evaluable patients with NSCLC, five patients achieved an objective response, of whom four were treated at the highest dose (10 mg kg ) and responses were observed irrespective of histology. For all patients, the most common treatment-related AEs were fatigue, diarrhea, infusion reaction, arthralgia, rash, and pruritus.
In addition to checkpoint blockade, another antigen-independent immune modulation strategy is that of enhancing the immune priming process and abrogating immune tolerance of tumors by encouraging dendritic cell maturation in the presence of tumor antigens. To this end, talactoferrin has been assessed in clinical trials after evidence of antitumor activity against squamous cell and adenocarcinoma of the lung in animal models [71, 84, 85] . In a randomized phase II study, talactoferrin had activity against previously untreated stage IIIB or IV NSCLC in combination with paclitaxel and carboplatin, improving the response to chemotherapy alone (paclitaxel, carboplatin, and placebo) by 18 % for evaluable patients (29 to 47 %; p = 0.05) and by 15 % in the intent-to-treat population (27 to 42 %; p = 0.08) [86] . A separate randomized phase II study revealed that talactoferrin monotherapy statistically improved OS in the intent-to-treat population by 65 % (vs placebo) in NSCLC that had progressed after at least two previous systemic regimens, which supported phase III exploration of the agent in this setting [71] . In both of the randomized phase II trials, the incidence of AEs was lower in the talactoferrin arms than in the control arms [71, 86] . Despite a promising phase II experience, a recently completed randomized phase III study in advanced pretreated NSCLC reported no improvements in OS or PFS for talactoferrin over placebo, each in combination with best supportive care [87] . Investigation of talactoferrin continues for NSCLC (NCT00706862, in combination with carboplatin and paclitaxel) and for other tumor types (NCT00095186 and NCT01528137).
Clinical experience with antigen-specific vaccination therapy in NSCLC Many efforts to investigate the clinical potential of targeting TAA in lung cancer have been completed or are in progress ( Table 2 ). The MAGE-A3 vaccine, one therapeutic candidate, is composed of a recombinant fusion protein (MAGE-A3 and protein D of Haemophilus influenza) in combination with an immune-enhancing adjuvant [37] . The vaccine is currently being evaluated in the adjuvant setting after surgical resection of early-stage NSCLC. In a phase II trial, 182 patients with completely resected, MAGE-A3-positive, stage IB or II NSCLC were randomized 2:1 to MAGE-A3 vaccine or placebo [88, 89] . At the time of reporting, disease had recurred in 30.6 and 43.3 % of patients treated with vaccine and placebo, respectively. However, none of the outcome endpoints (disease-free interval, disease-free survival, or OS) reached statistical significance. The disease-free interval with the MAGE-A3 vaccine increased substantially (HR = 0.57) among patients with a gene expression signature possibly associated with a high risk of relapse [90] . The concept of antigen-specific cancer immunotherapy (ASCI) is currently being tested in the phase III double-blind trial MAGRIT (NCT00480025). In this study, patients with completely resected, pathologically proved stage IB, II, or IIIA MAGE-A3-positive NSCLC are randomly assigned 2:1 to receive a course of 13 injections of MAGE-A3 ASCI or placebo over a 27-month period, either directly after surgery or after surgery plus standard adjuvant chemotherapy. Recruitment for this trial was completed in December 2011. Over 1,300 patients were screened for MAGE-A3 expression, and 2,270 were randomized [37, 90] . Follow-up for the primary endpoint-disease-free survival-is in progress.
Another candidate under clinical investigation is the BLP25 liposomal vaccine (L-BLP25), a peptide antigen-based vaccine that targets the exposed core peptide of the MUC1-associated antigen. The vaccine includes the BLP25 lipopeptide and a liposomal delivery system, which facilitates uptake by APCs, and the immunoadjuvant monophosphoryl lipid A [91] . In preclinical studies of mice, the immune response to L-BLP25 was characterized by a proliferative T cell response to the MUC1 antigen and production of IFN-γ [92] . A phase I/II trial for patients with NSCLC found no significant safety issues and showed that L-BLP25 was capable of eliciting a T cell response [93] . Another investigation compared the efficacy of L-BLP25 plus best supportive care (BSC) with BSC alone in a phase II trial of 171 patients with stage IIIB or IV NSCLC that was stable or had responded to any first-line chemotherapy [91, 94] . Patients in the L-BLP25 group received a single low dose of cyclophosphamide (shown to enhance the effect of immunotherapy) three days before the first dose of L-BLP25, followed by eight weekly subcutaneous vaccinations of 1-mg L-BLP25, and maintenance vaccinations every six weeks thereafter. In updated survival analysis, median OS was 4.2 months longer in the vaccine plus BSC group (17.2 months) than in the BSC alone group (13 months)-a trend that did not reach significance (HR = 0.745; 95 % CI 0.533-1.042) [94] . Three-year survival was 31 % in the L-BLP25 plus BSC group compared with 17 % in the BSC only group (p = 0.035). In the stratified subset of patients with stage IIIB loco-regional disease, OS was improved for patients receiving L-BLP25 plus BSC compared with those receiving BSC only (median 30.6 months vs. 13.3 months, respectively; HR = 0.548; 95 % CI 0.301-0.999). In this subgroup, three-year survival was 49 and 27 % in the L-BLP25 plus BSC and BSC only groups, respectively (p = 0.070) [94] . On the basis of these results, two phase III L-BLP25 trials have been started for patients with unresectable stage III NSCLC. The trial design is the same as that for the phase II trial, with the notable exceptions being that both trials are double-blind, placebo-controlled and that the phase III trials include only patients with unresectable stage III NSCLC whereas the phase II trial included patients with stage IIIB (locoregional or stage IIIB with malignant pleural effusion) and stage IV disease. In each case, OS is the primary endpoint. The START trial (NCT00409188) has completed recruitment and reached its accrual target of nearly 1,500 patients, whereas the INSPIRE trial (NCT01015443) will accrue 420 patients from East Asia.
The TG4010 vaccine also targets the MUC1 antigen. TG4010 consists of a suspension of attenuated Ankara virus which has been genetically modified to express MUC1 and IL-2 [95] ; IL-2 acts as a strong immunoadjuvant, capable of reversing the suppression of the T-cell response mediated by cancer-associated MUC1 [96] . A randomized phase IIB study suggested that TG4010 enhanced the effect of chemotherapy (cisplatin plus gemcitabine) for 148 patients with stage IIIB or IV MUC1-positive NSCLC [97] . PFS at six months was 43. The belagenpumatucel-L vaccine (Lucanix™) is an allogeneic cell vaccine comprising four different NSCLC cell lines (two adenocarcinoma, one squamous cell carcinoma, and one large cell carcinoma) and therefore includes a large number of antigens. The NSCLC cell lines are transfected with a TGF-β2 antisense gene which downregulates TGF-β2 and increases the immunogenicity of the transformed cells [98] . In a randomized, dose-variable phase II trial for 75 patients with stages II, IIIA, IIIB, and IV NSCLC, patients received one of three doses of belagenpumatucel-L on a monthly or every-other-month schedule, for a maximum of 16 injections [98] . Among the 61 patients with stage IIIB or IV disease, the ORR was 15 %. One and two-year survival in the higher dose groups combined was 68 and 52 %, respectively; it was 39 and 20 % respectively in the low-dose group. The STOP phase III trial compares belagenpumatucel-L with placebo as maintenance therapy for patients with stage III or IV NSCLC that is stable after, or has responded to, first-line platinum-based chemotherapy (NCT00676507). In this study, patients receive belagenpumatucel-L (or placebo) intradermally once monthly for 18 months, and then once after 21 and 24 months in the absence of disease progression or unacceptable toxicity. The primary endpoint is OS, and the trial recently achieved its planned recruitment of approximately 506 patients.
While in existence for some time, an EGF vaccine previously developed in Cuba comprising recombinant human EGF coupled to a carrier protein, with aluminium hydroxide or containing ISA51 as immunoadjuvant, has been the subject of recent scrutiny in lung cancer [99] . In a phase II study, 80 patients with stage IIIB or IV NSCLC were randomized to receive EGF vaccination or BSC [100] . As with L-BLP25, vaccination was primed with cyclophosphamide and the EGF vaccine given on days 1, 7, 14, and 28, and monthly thereafter. Median OS in the EGF vaccine and BSC groups was 6.5 and 5.3 months, respectively (not significant); in subgroup analysis of patients younger than 60 years, median OS was 11.6 and 5.3 months (p = 0.0124). Immune response seemed to predict treatment benefit; those with a good antibody response had a median OS of 11.7 months compared with 3.6 months for others (p = 0.002). An international phase III trial comparing EGF vaccination with BSC for patients with stage IIIB and IV NSCLC is in progress (NCT01444118), with OS as the primary endpoint.
Unanswered questions and future directions
Despite clinical application of new chemotherapeutic agents and molecularly targeted therapy, patient outcomes have remained unfavorable for NSCLC-a histologic subtype of lung cancer which accounts for nearly 85 % of all cases. As such, the development of novel, efficacious, and tolerable therapy with clinical applicability is warranted. Today, enhanced understanding of the mechanisms of immunemediated elimination of tumor cells has created a niche for immunotherapy as a treatment option for lung cancer. In this review we discussed clinical experience with two approaches to immunotherapy for lung cancer-antigen-independent immunomodulatory therapy and antigen-specific cancer immunotherapy. For both approaches, favorable of efficacy and safety outcomes have been observed in phase II trials, and they are currently being investigated in phase III studies. However, a better understanding of the specific population of patients that will benefit from such therapy is imperative, as is a better conceptual grasp of other aspects of therapeutic strategy.
Some questions that remain unanswered and are thus ideal topics for future study include recognizing the outcomes of therapy co-administered with immunotherapy. For example, what are the interactions between immunotherapy and chemotherapy, or immunotherapy and radiotherapy? Similarly, are there any potential interactions between antigen-independent and antigen-specific therapy, and do results support the rationale to combine the two? And, importantly, how should such therapy be co-administered with regard to timing and sequencing? When pulmonologists and oncologists measure the efficacy of immunotherapy, what is the best method available? Are the immune-response criteria devised especially for immunotherapy-to differentiate responses observed after treatment with immunotherapy from those that result from chemotherapy-sufficient?
As noted above, selecting the most appropriate patient population remains a challenge and, thus, determining the best biomarkers to use to facilitate determination of prognosis, efficacy, and immunogenicity would be very beneficial. When patients have been treated with the appropriate immunotherapy, how should clinicians define the role of maintenance therapy? Is it truly efficacious? And in the context of oncogene inhibitors, how do you explain the different paradigm observed? Another unknown faced by clinicians who administer immunotherapy is whether the efficacy of the new treatment approach could be assessed for patients with advanced tumor disease, or would it be something that could only be assessed for patients with relatively minor tumor burden? What strategies should clinicians use to reach a conclusion? Further studies of immunotherapy in some of the different patient populations described are both necessary and germane to optimization of newer treatment strategies for patients with lung cancer.
